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The incorporation of recycled concrete aggregate (RCA) in permeable asphalt mixtures
(PAMs) is an efficient method of utilizing construction demolished waste. It not only
conforms to the trend of building sponge cities, but also alleviates the problem of
overexploitation of natural aggregate resources. As the performance of PAM containing
recycled aggregate is not comparable to natural aggregate, modification treatments and
the addition of hybrid fibers are adopted as two enhancement methods to improve the
performance of PAM with RAC in this study. It is found that replacing natural aggregate
with recycled aggregate increases the optimum asphalt content (OAC) but decreases
the residual stability. The OAC is increased by 45% when the RCA ratio is 100%,
whereas applying silicone resin can give a 16.2% decrease in the OAC. Enhancing
RCA with silicone resin can increase the water stability to be comparable with natural
aggregate. Moreover, with modification treatment using calcium hydroxide solution, the
mechanical strength of PAM is enhanced to even higher than that of natural coarse
aggregate mixture alone. Improvements in both mechanical strength and water stability
are also achieved by strengthening recycled aggregate with cement slurry, although
the performance is less effective than using silicone resin. With the increase in the
content of RCA, the permeability coefficients of PAM first decrease and then exhibit
an increasing trend. The results indicate that the PAM with RCA and modification
treatments can perform satisfactorily as a pavement material in practice. Applying
probable modification, PAM incorporating RCA meets the criteria for use in concrete
pavement applications.
Keywords: recycled concrete aggregate, permeable asphalt mixture, permeability, pavement, enhancement
INTRODUCTION
With the rapid development of the global economy, colossal amounts of waste have been generated
by burgeoning populations, expanding industries, and tremendous urban growth. For example,
approximately 2 million tons of concrete wastes are generated annually in China (Xiao et al., 2012).
The global construction and demolition waste reached more than 3.0 billion tons annually
Frontiers in Materials | www.frontiersin.org 1 September 2020 | Volume 7 | Article 253
fmats-07-00253 September 14, 2020 Time: 15:52 # 2
Lei et al. Permeable Asphalt Mixtures
and is increasing constantly (Akhtar and Sarmah, 2018).
Handling such a large amount of waste has become a serious
problem. In addition, lots of nations in the word are facing
shortages of natural sand and gravel resources, the acquisition of
which has posed serious threats to the environment and society.
Therefore, recycling construction waste as aggregates to address
the demand for natural sand and gravel has become an effective
method of concrete waste disposal. Green production of cement
concrete or asphalt concrete using recycled concrete aggregate
(RCA) can reduce construction costs, eliminate environmental
pollution, and mitigate natural aggregate depletion (Bru et al.,
2014; San Nicolas and Provis, 2015; Kareem et al., 2018;
Fernández-Jiménez et al., 2019; Chen et al., 2020).
Extensive investigations have been conducted worldwide on
the mechanical properties, durability, and structural performance
of recycled aggregate concrete (Behera et al., 2014; Li et al.,
2017; Akhtar and Sarmah, 2018; Khern et al., 2020). Old
mortar attached to RCA is the most significant difference
between concrete containing RCA and that containing natural
aggregate, and is generally the main reason why the former is
less desirable than the latter (Li et al., 2016; Lei et al., 2018).
Several studies and engineering applications have shown that
even with the same proportions, the performance of concrete
with RCA is lower than that of natural aggregate; however,
after reasonable mixture design or strengthening treatment,
the concrete with RCA meets the requirements of strength
and durability (Ajdukiewicz and Kliszczewicz, 2002; Pedro
et al., 2017). Many modification methods have been explored
to improve the strength and durability of recycled aggregate
concrete. These methods can be divided into two categories:
strengthening recycled aggregate concrete integrally with the
addition of admixtures such as fly ash (Li et al., 2018) and
nano-SiO2 (Mukharjee and Barai, 2014), and reinforcing RCA by
treatment with a nanomaterial solution (Zhang H. et al., 2016)
or polymer emulsion (Kou and Poon, 2010). The methods of
reinforcing RCA in cement concrete cannot be used for asphalt
mixtures, mainly because soaking in an acid and sodium silicate
solution would reduce the cohesion between the RCA and the
asphalt (Hou et al., 2014).
Several studies have been conducted on the potential usage
of RCA in pavements. The mechanical properties of hot mixed
asphalt (HMA) with RCA are usually inferior to those of HMA
with natural coarse aggregate (NCA), which in turn affects
the pavement performance of the HMA. With an increase in
RCA content, the bulk specific gravity of the asphalt mixture
decreases, whereas the optimum asphalt content (OAC) increases
(Mills-Beale and You, 2010; Zhang Z. et al., 2016; El-Tahan
et al., 2018). Mills-Beale and You (2010) reported that an
increase in RCA content increased the resilient modulus but
decreased the dynamic modulus. El-Tahan et al. (2018) reported
that the incorporation of RCA in HMA led to an increase
in stability, flow, and voids infilled with asphalt. Conversely,
the bulk density, air voids, and voids in the mineral aggregate
decreased. Zhang Z. et al. (2016) reported that as the RCA
replacement levels increased, the high-temperature stability and
low-temperature cracking resistance of the asphalt concrete
generally increased. Moreover, they found that the water
stability was significantly lower than that of asphalt concrete
produced with NCA and that asphalt concrete containing up
to 50% RCA can be satisfactorily used in road construction.
Qasrawi and Asi (2016) reported that an increase in the
RCA percentage decreased the resilient modulus of asphalt
mixtures and increased their skid resistance. However, the use
of 60/70 bitumen increased the resilient modulus and skid
resistance of the asphalt mixtures compared with the use of
80/100 bitumen. Mixtures containing RCA showed lower water
sensitivity (stripping resistance) than RCA-free mixtures, and
bitumen 80/100 showed better performance for water sensitivity
than bitumen 60/70.
Given the weaker nature of RCA materials, different methods
of improving the pavement performance of asphalt concrete by
treating the RCA have gained increasing popularity in recent
years. Coating RCA with a 5% bitumen emulsion and waiting for
the bitumen emulsion to break prior to the HMA mixing process
improves the water resistance of the mixtures produced with
RCA (Pasandín and Pérez, 2014). Using slag cement paste for pre-
coated RCA can reinforce its ability to resist crushing and friction,
and enhance the engineering properties of HMA containing RCA
(Lee et al., 2012). Compared with using untreated RCA, RCA
treated with hydrated lime effectively reduces the deterioration
degree, and the improvement is amplified with high RCA usage
rates. Both moisture susceptibility and fatigue life increase with
the RCA usage rate, and incorporating treated RCA produces
better results than using untreated RCA (Albayati et al., 2018).
Cement-stabilized RCA treated with waste oil and asphalt
emulsion showed satisfactory performance in strength, stiffness,
and shrinkage properties (Zhou et al., 2019). Double coating
technology (DCT) using slag paste and Sika Tite-BE can improve
the strength and durability of RCA. In particular, DCT decreases
the water absorption of double coated RCA (DCRCA) by 12.3
and 26.1% compared with uncoated RCA and RCA coated with
cement slag paste, respectively, which effectively enhances the
moisture resistance and stiffness of HMA (Kareem et al., 2018).
Modification of the asphalt binder is another approach
for improving the pavement performance of asphalt concrete.
Previous research has revealed that increasing the aging time
of HMA containing RCA increased the number of air voids,
the stiffness at ambient temperature, and the initial permanent
deformation (Pasandín and Pérez, 2014). Polymer modifiers such
as styrene-butadiene-styrene (SBS) and polyolefin crumb rubber
or fibers are used as reinforcement in asphalt mixtures (Wang
et al., 2018). Moreover, using fibers as reinforcement in asphalt
mixtures for improving the asphalt pavement performance is
becoming increasingly popular (Abtahi et al., 2010). Fibers
provide multiple reinforcing and bridging functionalities and
enable asphalt mixtures to withstand high temperatures and to
minimize shearing deformation and low-temperature cracking.
Further, fatigue failure, water damage, and freezing/thawing cycle
resistance are significantly improved with the addition of fibers
(Wu et al., 2008; Bonica et al., 2016; Jaskuła et al., 2017; Qin
et al., 2018). According to Bentur and Mindess (2006), hybrid
fibers can optimize the mechanical properties and durability of
cementitious composites because they contain different types and
sizes of fibers.
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Permeable asphalt mixture (PAM) has advantages such as
good traffic safety performance, noise reduction, drainage and
flood control, and environmental protection (Coleri et al., 2013;
Liao et al., 2014; Song et al., 2015). However, although PAM
has many advantages in traditional compact asphalt concrete, its
performance and service life are reduced (Xu et al., 2016; Zhang
et al., 2018b). High-quality aggregate is an important factor for
controlling the performance of PAM (Herndon et al., 2016).
Crumb rubber modifier or the combination of fibers and SBS
are the most effective components for increasing the abrasion
resistance of PAM (Lyons and Putman, 2013). However, limited
research has been conducted thus far involving RCA. Chen and
Wong (2013) concluded that PAM composed of 100% RCA
combined with asphalt modified by specific additive TAFPACK-
Super can adequately fulfill the Marshall criteria of Singapore’s
Land Transport Authority Standard stipulated for normal roads,
indicating its potential use in highway applications. However,
further research should be conducted to evaluate its feasibility for
application to high-traffic highways.
Permeable asphalt mixture with RCA not only conforms
to the trend of building sponge cities, but also alleviates the
problem of overexploitation of natural aggregate resources. The
purpose of this study is to explore the engineering properties of
modified PAM with RCA, which is strengthened by two methods:
(1) impregnating the RCA with three types of solutions including
cement slurry, silicone resin emulsion, and a saturated calcium
hydroxide solution, and (2) adding two types of fibers to asphalt:
polyester and basalt. These findings provide a theoretical basis




In this study, the SBS-modified asphalt was used, which is widely
employed in PAM. Its basic parameters include penetration
of 50.2 mm, softening point of 80.7◦C, and ductility of
26.4 cm. The technical performances of basalt fine aggregate and
mineral powder met the requirements of CJJ/T190 CAU (2012)
(Technical Specification for Permeable Asphalt Pavement). The
recycled coarse aggregate used in the test came from the concrete
waste produced by the demolition of old houses. After hand
breaking, the concrete waste was crushed by the jaw crusher
in the laboratory, and then the aggregate within the range of
4.75–13.2 mm was screened and selected as shown in Figure 1.
The gradation of aggregates was designed to be similar to
PAM specimens with different proportions, which can meet
FIGURE 1 | Morphology of aggregate and fibers. (A) Recycled coarse aggregate. (B) Natural coarse aggregate. (C) Natural fine aggregate. (D) Basalt fiber.
(E) Polyester fiber.
Frontiers in Materials | www.frontiersin.org 3 September 2020 | Volume 7 | Article 253
fmats-07-00253 September 14, 2020 Time: 15:52 # 4
Lei et al. Permeable Asphalt Mixtures
the requirement of the standard by manual mixing, as shown
in Figure 2. Compared with recycled fine aggregate with high
water absorption and poor properties, recycled coarse aggregates
are more suitable for use. At this stage, it would also be too
complex to investigate and analyze if both the coarse and fine
aggregates were treated. Thus, the authors decided to only
treat the coarse aggregate, and use natural sand as the fine
aggregate. RCA and treated RCA were used to replace NCA
by 30, 50, and 100% in volume. For aggregates treated, these
were taken randomly. After treatment, they were evenly mixed
with other aggregates. Commercial silicone resin emulsion at
a concentration of 50% and calcium hydroxide solution at a
concentration of 1 mol/L were used to treat the RCA. The
properties of the mineral filler are listed in Table 1. P.O. 42.5
Portland cement was used as the cement slurry for treating RCA;
its chemical composition is listed in Table 2. NCA with particle
sizes 4.75–16.0 mm and natural fine aggregate with particle sizes
0.075–4.75 mm are made from a crushed granite source, as shown
in Figure 1. The properties of the NCA used in this study are
summarized in Table 3. The length of the basalt and polyester
fibers was 12 mm, as shown in Figure 1; their properties are listed
in Table 4.
Treatment of RCA
To improve the properties of PAM containing RCA, surface
treatment by impregnating RCA was adopted by soaking the
aggregate in separate treatments of cement slurry, silicone
resin emulsion, and saturated calcium hydroxide solution.
For treating RCA with the cement slurry (CSRCA), RCA
with particle sizes larger than 4.75 mm was selected, washed,
and dried. Then, cement slurry with a water-to-cement ratio
of 0.5 was prepared in a container. The aggregate was
poured into the container, screened out after shaking table
application for 3 min, and then dried for 28 days, as shown
in Figure 3A.
For treatment of the RCA with the calcium hydroxide solution
(CHRCA), RCA with particle size larger than 4.75 mm was
selected. The aggregate was then washed with water, soaked



























FIGURE 2 | Designed grading curve and specification of aggregate.







Grain size range (%)
<0.6 mm <0.15 mm <0.075 mm
2.71 0.4 0.78 100 92.57 86.4
TABLE 2 | Chemical compositions of cement.
Raw materials SiO2 Al2O3 CaO MgO Fe2O3 SO3 K2O Na2O Total
Portland cement 21.92 7.63 60.1 2.59 2.60 2.53 0.26 0.32 97.99
TABLE 3 | Properties of aggregate.
Type of coarse aggregate NCA RCA CSRCA CHRCA SRRCA
Water absorption rate (%) 0.53 3.78 3.61 3.54 0.51
Apparent density (g/cm3) 2.72 2.64 2.78 2.86 2.75
Crushing value (%) 13.1 24.7 25.4 23.9 19.2
Adhesion level of aggregate
with asphalt
4 4 5 5 5













Basalt fibers 15 12 2.44 3000 Brown
Polyester fibers 19 12 1.37 500 White
in a saturated calcium hydroxide solution for 2 days, and
filtered out and dried for 28 days, as shown in Figure 3B.
When treating RCA with the silicone resin emulsion (SRRCA),
RCA with particle sizes of 4.75–9.5 mm and 9.5–13.2 mm
were screened and cleaned, and the two aggregate types
were separately treated. To ensure that the RCA surface
was completely wrapped by the film formed by the silicone
resin, the mass ratios of the silicone resin and RCA with
particle sizes of 4.75–9.5 mm and 9.5–13.2 mm were 5.5
and 3%, respectively. This was diluted to 25% concentration
in a bucket and was then thoroughly mixed with RCA
and dried in an oven at 160◦C for 4 h, as shown in
Figure 3C.
PAM Preparation
In this test, PAM containing RCA with CSRCA, CHRCA, and
SRRCA replacements of 30, 70, and 100% were manufactured.
PAM with 100% RCA replacement and an added fiber content
of 0.4% in mass percentage were also prepared, considering
mass ratios of 1 to 0, 3 to 1, 2 to 2, 1 to 3, 0 to 1 between
the basalt fibers and polyester fibers. The data of the PAM
specimens are compiled in Table 4 and are labeled according to
the coarse aggregate type, replacement ratio, and fiber content.
For example, NCA represents PAM with only natural coarse
aggregate, CSRCA70 represents PAM with a CSRCA content
of 70% replacement ratio, and BPRCA22 represents PAM
with a 2:2 mass ratio between the basalt fibers and polyester
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FIGURE 3 | Different types of treatments for RCA. (A) Cement slurry. (B) Calcium hydroxide solution. (C) Silicone resin emulsion.
fibers and 100% RCA replacement. The specimens were all
formed into standard Marshall blocks (101.6 mm in diameter
and 63.5 mm in height) and were compacted by 50 blows
applied to each side.
Test Methods
Measurement of Optimum Asphalt Content
Numerous methods are used for determining the OAC; among
these, the Cantabro/draindown test and the Marshall test are
the most widely used. In this study, a combination of the
two methods was employed. First, the average value from the
Cantabro and draindown tests was determined as the OAC. Then,
the Marshall test was used to verify the accuracy of the OAC
further. This was accomplished by selecting an asphalt mixture
group with the asphalt content close to that identified by the
previous method in order to identify the asphalt content with the
maximum Marshall stability.
For the Cantabro test, the samples were first sorted to
meet the sizes requirements 101.6 ± 0.2 mm in diameter and
63.5± 1.3 mm in height. Then, they were placed into a constant-
temperature water tank after meeting set to 20◦C. After 20 h,
the surface water was wiped off by using a dry towel, and the
mixture quality before the Cantabro test m0 was measured. The
samples were then placed into a Los Angeles abrasion machine
and were rotated for 300 revolutions at 30 rpm. The samples
were removed, and the mixture quality after the Cantabro test
m1 was measured. The Cantabro loss in asphalt mixture 1S was





where 1S is the Cantabro loss (%), m0 is the mixture quality
before the Cantabro test (g), and m1 is the mixture quality after
the Cantabro test (g).
The data on the specimens measured before and after the
Cantabro test with different oil–stone ratios are shown in
Figure 4. Four groups of experiments were conducted, and
the average value was taken as the experimental result. For
the draindown test, an 800 ml clean beaker was prepared and
weighed as m0 at the start of the experiment. After mixing the
asphalt and aggregate, 1000 g of the mixture was introduced in
the beaker, and the total mass of beaker and mixture was weighed
as m1. The beaker was covered with a glass cap, placed in an oven
at 185◦C, and removed after 1 h. With no vibration or external
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FIGURE 4 | Permeable asphalt mixture before and after Cantabro test. (A) Before Cantabro test. (B) After Cantabro test.
force applied, the beaker was turned upside down onto a glass
plate and was weighed as m2. The following equation was used to





where 1m is the percentage of draindown (%), m0 is the beaker
quality before the experiment (g), m1 is the total quality of the
beaker and asphalt mixture (g), and m2 is the quality of the beaker
and residues after the experiment (g).
The draindown test was repeated four times, and the average
value was taken as the final experimental result. Figure 5 includes
a set of photographs captured after the draindown test. The
value of OAC was obtained from the inflection point of the
Cantabro loss curve and the inflection point of the percentage
of the draindown curve, as shown in Figure 6. Then, the
Marshall stability test was used to determine the OAC, as
shown in Figure 7. Using RCA100 as an example, as shown
in Figure 6D, the inflection point of the Cantabro loss curve
and the percentage of the draindown curve were 7.1 and 7.6%;
therefore, the asphalt content was initially determined to be
their average value, i.e., 7.4%. Figure 7 shows that the Marshall
stability of the mixture reached its maximum when the asphalt
content was 7.4%. Therefore, the OAC of RCA100 was finally
determined to be 7.4%.
Marshall Stability
The formula for calculating residual stability refers to JTJ 052






where MS0 is the residual stability of the mixture (%), MS1 is
the immersion Marshall stability of the mixture (kN), and MS2
is Marshall stability of the mixture (kN).
The mixtures with different RCA contents were categorized
into two groups, with four pieces included in each group. One
group was placed into a constant-temperature water tank at 60◦C
for 30–40 min, and the stability and flow value were measured
by using a Marshall testing machine. The second group was
also placed into a constant-temperature water tank at 60◦C but
was held for 48 h to measure the immersion Marshall stability.
Figure 8 shows images of the samples during different stages of
the experiment.
Permeability
Permeable asphalt mixtures should have good water resistance
and drainage capacity; therefore, it is necessary to measure
its permeability coefficient and air voids. The air voids were
measured following the technical specification of CJJ/T190
CAU (2012) (Technical Specification for Permeable Asphalt
Pavement) (CJJ/T190 CAU, 2012). The permeability of PAM is
tested under water head pressure in many studies (Gao et al.,
2015). In reality, however, no water head pressure is usually
present when the water is drained from the pavement. To
simulate the actual drainage scenario as accurately as possible,
a test method excluding water head pressure was adopted,
as shown in Figure 9. First, the mixture was compacted
in a sleeve die at a diameter of 101.6 mm. After cooling,
the mixture, still in the mold, was immersed in water until
becoming saturated. Finally, the mold was padded up and
poured into 100 ml water. The time of complete water
penetration (the end time of infiltration minus the start time)
was recorded, and the permeability coefficient was calculated
as follows:
K = Qh/6.35At, (4)
where Q is the amount of water poured (ml), h is the specimen
height (cm), 6.35 is the height of standard Marshall blocks (cm),
A is the mixture area (cm2), and t is the osmotic time (s).
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FIGURE 5 | Specimens in draindown test for OAC.
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FIGURE 6 | Cantabro loss in asphalt mixtures with different RCA content. (A) NCA; (B) RCA30; (C) RCA70; (D) RCA100.
RESULTS AND DISCUSSION
Performance of Coarse Aggregate
Chen and Wong (2013) found that the compressive strength
of a porous asphalt mixture is adversely affected by the use
of RCA to a larger degree than when using natural aggregate.
The properties of coarse aggregate have a strong impact on the
performance of the mixture. Table 5 shows the test results using
various types of coarse aggregate. The water absorption rate
and the crushing value of RCA were significantly higher than
those of NCA, although the apparent density of the former was
lower. This can be attributed to the significant amount of old
cement mortar attached to the RCA surface, which has high water
absorption and low strength. The water absorption rate and the
crushing value of SRRCA showed obvious improvements even
though the water absorption rate was slightly lower than that
of NCA. This occurred because organic silicone resin forms a
curing film on the surface of RCA (Hou et al., 2014), which
improves its integrity and strength. Silicone resin itself is a
hydrophobic material. Its water absorption is very low, and it
prevents contact between water and the cement mortar, which
effectively reduces the water absorption of the RCA. After soaking
in the cement slurry and the calcium hydroxide solution, the
water absorption and the crushing index of the RCA did not
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FIGURE 7 | Marshall stability of asphalt mixtures with different RCA content.
show significant differences compared with those measured in
untreated RCA; these results are similar to those reported in
a previous study (Zhang et al., 2018a). After the three surface
treatments of RCA, the apparent density increased slightly. In
particular, the adhesion level of the NCA and RCA to asphalt
was 4, which meets the requirements of the adhesion level of
coarse aggregate with asphalt listed in the technical specification
of CJJ/T190 CAU (2012) (Technical Specification for Permeable
Asphalt Pavement). After the three different surface treatment
processes, the adhesion level of RCA increased to 5. This result
indicates that the interface strength and the bonding force of
the aggregate can be enhanced by surface treatment, which
enables the asphalt cement to fully bond with the aggregate
(Lee et al., 2012).
Optimum Asphalt Content of Asphalt
Mixture
Effect of RCA Replacements on OAC
The OAC of mixtures with various RCA replacements is
shown in Figure 10. The OAC increased with increases in
the RCA replacements. The OAC of RCA100 was 45% higher
than that of NCA. The asphalt easily entered the RCA after
FIGURE 8 | Process of Marshall test on PAM. (A) Compaction. (B) Immersion in water tank at constant temperature. (C) Measured stability.
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FIGURE 9 | Permeability testing process on PAM. (A) Pad-up test block. (B) Pour water and mark the start time. (C) Mark the end time of infiltration.
heating owing to the presence of several voids and cracks
that developed during crushing and transportation. Moreover,
the surface area of the old cement mortar was larger than
that of NCA with the same volume. Therefore, the interface
with the asphalt was larger, which led to an increase in the
asphalt content (Qasrawi and Asi, 2016). The OAC of the
mixture changed slightly after the treatment with the calcium
hydroxide solution and the cement slurry. However, that of the
mixture treated with silicone resin was significantly reduced.
Specifically, the OAC of SRRCA100 was 16.2% lower than that
of RCA100. Moreover, the OAC increased with the addition
of fibers, as shown in Figure 10. The OAC of BPRCA10 and
BPRCA01 increased by 2.7 and 10.8%, respectively, compared
with RCA100. This occurred because the density of the polyester
TABLE 5 | Summary of permeable asphalt mixture design.
Specimen Modification Replacement






NCA – 0 0 0
RCA30 – 30 0 0
RCA70 – 70 0 0
RCA100 – 100 0 0
CSRCA30 Cement slurry 30 0 0
CSRCA70 Cement slurry 70 0 0
CSRCA100 Cement slurry 100 0 0
CHRCA30 Calcium hydroxide 30 0 0
CHRCA70 Calcium hydroxide 70 0 0
CHRCA100 Calcium hydroxide 100 0 0
SRRCA30 Silicone resin 30 0 0
SRRCA70 Silicone resin 70 0 0
SRRCA100 Silicone resin 100 0 0










BPRCA01 Polyester fibers 100 0 0.4
fibers is small, and those of the same mass have a large
surface area, which facilitates absorption of additional asphalt
(Lyons and Putman, 2013).
A one-way analysis of variance (ANOVA) test was conducted
to examine the impact of RCA, CSRCA, CHRCA, and SRRCA
dosage and fiber proportion on OAC of different mixtures. As
shown in Table 6, these parameters had significant effects on the
OAC at the 95% confidence level (p < 0.05). Therefore, changes
in the CSRCA, CHRCA, and SRRCA dosage and fiber proportion
affect the OAC of PAM.
Flow Value
The flow values of the different mixtures are shown in Figure 11.
With an increase in RCA replacement, the flow value of asphalt
mixture increased continuously, which indicates that plastic
deformation increases with an increase in RCA replacement, as
shown in Figure 11A. The flow value of RCA100 was 23.4%
higher than that of NCA because the OAC increases with an
increase in RCA replacement. The flow value of the asphalt
mixture decreased after the RCA treatment; that with calcium
hydroxide had the lowest value, followed those with silicone resin
and cement slurry. Figure 11B shows that the flow value of
the mixture increased with the addition of fibers; the increase
of polyester fibers was caused by an increase in the OAC
(Klinsky et al., 2018).
A one-way ANOVA test was conducted to examine the
impact of RCA, CSRCA, CHRCA, and SRRCA dosage and fiber
proportion on the flow value of the different mixtures, as listed
in Table 6. The results showed that the RCA dosage and fiber
proportion had significant effects at the 95% confidence level
(p < 0.05). However, the effects of CSRCA, CHRCA, and SRRCA
dosage were not significant at the 95% confidence level (p > 0.05).
Thus, according the ANOVA results, the RCA dosage and fiber
proportion have a greater effect than the CSRCA, CHRCA,
and SRRCA dosage on the plastic deformation of the PAM
flow value. Therefore, treating the RCA can reduce the plastic
deformation in PAM.
Water Stability
Effect of Aggregate Content
The Marshall stability, immersion Marshall stability, and residual
stability of PAM with different contents of various coarse
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FIGURE 10 | Effect of RCA treatment and the addition of fibers on the OAC of
PAM. (A) RCA treatment. (B) Addition of fibers.
aggregate are shown in Figure 12. The Marshall stability and
immersion Marshall stability of PAM decreased with an increase
in the content of RCA, CHRCA, and SRRCA, except for that
with an RCA content of 70%. Specifically, the Marshall stabilities
of RCA30, RCA70, and RCA100, were 11.2, 7.7, and 12.4%
lower than those of NCA, respectively; the immersion Marshall
stabilities of RCA30, RCA70, and RCA100 were 13.5, 13.8, and
22.3% lower than those of NCA, respectively; and the residual
stabilities of RCA30, RCA70, and RCA100 were 2.5, 6.5, and
11.2% lower than those of NCA, respectively. This means that
the strength of PAM decreases with an increase in the content
of RCA, CHRCA, and SRRCA. However, in the case of CSRCA,
the Marshall stability of PAM increased with an increase in the
CSRCA content, and the immersion Marshall stability of PAM
initially decreased slightly and then increased. This indicates that
treating RCA with cement slurry greatly enhances the strength of
PAM when the CSRCA content is high.
Figure 12B further shows that the residual stability of PAM
decreases with an increase in the content of RCA, CHRCA,
CSRCA, and SRRCA because the RCA surface was coated with
old cement mortar. Old cement mortar has low strength and
is easily loosened and detached under pressure, which affects
its integrity and strength. At the same time, many pebbles are
present in RCA because the virgin aggregate is in this form.
The pebble surface is acidic, leading to poor adhesion between
the pebbles and asphalt (Zhang Z. et al., 2016). Moreover, after
mixing the RCA and asphalt, the number of interfaces increased,
which led to increases in the number of weak surfaces. Therefore,
the addition of RCA has a strong influence on the strength
and water stability of PAM. With an increase in the RCA
content, the water stability of the mixture gradually decreased.
When the RCA replacement was 100%, the residual stability
of the mixture was only 80.4%, which is, at 80%, very close
to the requirement of JTJ 052 (2000) (Test Rules for Asphalt
and Asphalt Mixture in Highway Engineering). Therefore, to
increase the residual stability of this proportion, it is necessary
to either modify the RCA or enhance the PAM as a whole.
A one-way ANOVA test was conducted to investigate the effect
of replacement of the various coarse aggregates on the residual
stability of PAM, as listed in Table 6. The results indicate
that the replacement had a significant effect on the residual
stability of PAM at the 95% confidence level (p = 0.009 < 0.05).
Therefore, any changes in the content of RCA, CHRCA, CSRCA,
or SRRCA also change the resistance of the produced mixture to
moisture damage.
Effect of RCA Treatment
The Marshall stability, immersion Marshall stability, and
residual stability of PAM with treated RCA are also shown in
Figure 12. All decreased with an increase in CSRCA and SRRCA
replacements, although they were still higher than that of RCA
with the same replacement. This means that the strength and
water stability of the mixture increased. For example, compared
TABLE 6 | Results of one-way analysis of variance.









RCA replacement 0.002 Yes 0.016 Yes 0.009 Yes 0.657 No
CSRCA replacement 0.005 Yes 0.052 No 0.018 Yes – –
CHRCA replacement 0.004 Yes 0.155 No 0.022 Yes
SRRCA replacement 0.023 Yes 0.055 No 0.006 Yes
Fiber proportion 0.001 Yes 0.002 Yes 0.002 Yes
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FIGURE 11 | Effect of RCA treatment and the addition of fibers on the flow
value of PAM. (A) RCA treatment. (B) Addition of fibers.
with that of RCA100, the Marshall stability of CSRCA100
and SRRCA100 increased by 6.7 and 7.2%, respectively; the
immersion Marshall stability increased by 14.3 and 18.0%,
respectively; and the residual stability increased by 7.2 and 10.1%,
respectively. For CSRCA, the RCA used in this experiment
contained pebbles, and the adhesion between pebbles and asphalt
is poor. Because of the chemical adsorption between the acidic
and alkaline cement slurry on the pebble surface, the cohesive
force between the pebbles and the cement slurry increased. In
addition, cement slurry can enter and fill the pores of RCA, which
increases its strength and integrity (Lee et al., 2012). When the
silicone resin treatment was adopted, the resin formed a solidified
film on the surfaces of the aggregate and filled the pores of
RCA, which increased the strength of RCA after curing at high
temperature. The film wraps around the old mortar in RCA to
prevent it from detaching, which further enhanced its integrity
and strength (Shi et al., 2016).
With an increase in CHRCA replacement, the Marshall
stability of the mixture increases, the immersion Marshall
stability first decreased and then increased, and the residual
stability of the mixture decreased. Compared with RCA100, the
Marshall stability, immersion Marshall stability, and residual
stability of CHRCA100 were 24.7, 30.7, and 4.9% higher than
that of NCA, respectively. This indicates that RCA treated by
the calcium hydroxide solution greatly enhanced the strength
of PAM to a larger degree than that of NCA; however, its
effect on the water stability of the mixture was not obvious.
The RCA treated by silicone resin greatly improved the water
stability of PAM to be very close to that of PAM with NCA;
however, the influence on the strength of the mixture was
not obvious. The RCA treated by the cement slurry improved
both the strength and water stability of PAM; however, the
improvement was not as great as the improvement after
silicone resin treatment. When treated with a calcium hydroxide
solution, the compound enters the crevices and voids of the
aggregate. After contacting with air, calcium hydroxide reacts
with carbon dioxide to form solid calcium carbonate, which
can fill the voids and improve the strength of the aggregate
(Albayati et al., 2018).
Effect of Fibers
For studying the influence of fibers on the stability of PAM,
the RCA replacement ratio of all mixtures was 100%. The
results of Marshall stability, immersion Marshall stability, and
residual stability of mixtures with different fiber mixing methods
are shown in Figure 13. All increased with the addition of
fibers as shown in Figure 13A. For example, the Marshall
stability of BPRCA10, with 0.4% basalt fiber, and BPRCA01,
with 0.4% polyester fiber, was 32.3 and 3.1% higher than those
of RCA100, respectively. In addition, the immersion Marshall
stability of BPRCA10 and BPRCA01 was 43.3 and 18.9% higher
than that of RCA100, respectively. Figure 13B also shows that
the residual stability of BPRCA10 and BPRCA01 was 8.3 and
15.3% higher than that of RCA100, respectively. These values are
similar to (or even higher than) that of NCA for the following
reasons. First, fibers can absorb oil and resin in asphalt and
increase the asphalt content, consistency (Xiang et al., 2018), and
film thickness on aggregate surfaces, thus effectively preventing
moisture damage at the asphalt and aggregate interface. Second,
fibers change the interior of the asphalt binder into a network
structure and increase the cohesion between the asphalt and
the aggregate. With an increase in the polyester fiber content,
the strength of the mixture decreases, and its water stability
increases. For example, BPRCA10 had the highest Marshall
stability and immersion Marshall stability but the lowest residual
stability, whereas BPRCA01 had the lowest Marshall stability and
immersion Marshall stability but the highest residual stability.
This occurred because basalt fibers have a high tensile strength;
thus, the strength of the mixture increases with increasing
basalt fiber content. The density of polyester fiber is lower than
that of basalt fiber, and the volume of polyester fiber is larger
than that of basalt fiber at the same mass. In addition, the oil
absorption rate of polyester fiber is larger than that of basalt
fiber, which enables the polyester to absorb greater amounts of
light components in the asphalt (Dai et al., 2018). Therefore,
the water stability of PAM is improved by the addition of
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FIGURE 12 | Marshall stability, immersion Marshall stability, and residual stability of PAM with different contents of various coarse aggregates. (A) Marshall stability
and immersion Marshall stability (0% is concrete with just NCA). (B) Residual stability of permeable asphalt mixture.
low-strength polyester fiber to a greater degree than by high-
strength basalt fiber.
A one-way ANOVA test was conducted to examine the impact
of CSRCA, CHRCA, and SRRCA dosage and fiber proportion
on the residual stability of the different mixtures, as listed in
Table 6. All had significant effects at the 95% confidence level
(p < 0.05). Thus, any change in the CSRCA, CHRCA, and SRRCA
dosage and fiber proportion produces a change in the residual
stability of PAM.
Permeability
Previous studies have shown that the aggregate properties and the
addition of fibers have little effect on the permeability of PAM
(Sriravindrarajah et al., 2012; Afonso et al., 2017). The results of
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FIGURE 13 | Effect of the addition of fibers on the Marshall stability,
immersion Marshall stability, and residual stability of PAM. (A) Marshall
stability, immersion Marshall stability. (B) Residual stability.
PAM mixtures with RCA are used here as a representative case
to evaluate the permeability of the materials. The permeability
coefficient and void volume test results of PAM with different
RCA replacements are shown in Figure 14. The permeability
coefficient and connected voidage of PAM decreased and then
increased with an increase in RCA replacement. The change trend
of the void fraction and permeability coefficient of mixtures was
the same; the connected voidage and permeability of the mixture
were positively correlated (Richardson, 1997). The permeability
coefficients of RCA30 and RCA70 were 6.3 and 15.6% lower
than those of NCA, respectively, because the OAC increases with
an increase in RCA replacement, which decreases the number
of connected voids. However, the permeability coefficient of
RCA100 was 15.6% higher than that of NCA because more
connected voids were created; similar conclusions were reported
by Chen and Wong (2013).
The permeability coefficients of the mixtures with different
RCA contents were greater than 0.01 cm/s, which is required
in the specifications of CJJ/T190 CAU (2012) (Technical
Specification for Permeable Asphalt Pavement). Therefore, it












































FIGURE 14 | Effect of RCA replacements on the permeability coefficient and
porosity of PAM.
can be considered that the addition of RCA does not affect
its drainage capacity. A one-way ANOVA test was conducted
to investigate the effect of RCA dosage on the permeability of
PAM, as listed in Table 6. The percentage of RCA did not
significantly affect the permeability of PAM at the 95% confidence
level (p = 0.657 > 0.05). Therefore, any change in the RCA
dosage does not produce a change in the permeability of the
produced mixture.
Disadvantages and Issues
Although the methodology is acceptable, the compaction
method and the tests used are relatively simple and empirical
(Marshall, Cantabro), which do not adequately represent in situ
performance. There could be differences between the in situ
performance and the test results from the laboratory. The
constraints of the Marshall test mold on the asphalt mixture are
different from the stress conditions of the pavement materials.
Marshall’s impact compaction method is not conducive to the
directional rearrangement of aggregates, resulting in the lower
density of the mixture and the higher void ratio.
This study gives some preliminary exploratory test results by
using RCA in PAM. The OAC and some parameters of permeable
asphalt mixture are obtained. However, those test results are not
enough to evaluate its application in the permeable pavement.
Since durability and stability are also important aspects, further
research such as performance at low temperatures and high
temperatures, fatigue and rutting resistance are needed.
The results show that the OAC increased about 20–45%, and
the cost of using RCA in PAM increased as compared with using
normal aggregates. However, that of the mixture treated with
silicone resin was significantly reduced. Specifically, the OAC of
SRRCA100 was 16.2% lower than that of RCA100. It should also
be noted that there are some limitations of RCA impregnation
treatments, especially in terms of cost and practical handling
issues, which highlights the necessity of relevant study in the
future. If the source of construction waste can be controlled, it
is possible to reduce the cost of asphalt aggregate selection for
RCA to make RCA much cheaper than natural aggregate. As
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a consequence, the cost of PCM can be partially compensated.
Besides, efforts could be made to optimize mix design and use
low RCA content such as 30% to decrease OCA, making it more
economical in practice.
This study is an innovative attempt to use modification
treatments and hybrid fibers addition as two enhancement
methods to improve the performance of PAM with RAC to
be comparable to natural aggregate. It provides a new method
for the efficient utilization of construction waste. It does need
improvement with further research, but positive aspects of this
study can benefit the field.
CONCLUSION
In this study, the properties of PAM with RCA replacements of
0, 30, 70, and 100% using various enhancement methods are
investigated to satisfy the criteria for use in concrete pavement
applications. The related conclusions are summarized in the
following:
(1) The water absorption and crushing value of RCA are much
higher than those of NCA. RCA treatment with silicone
resin can dramatically reduce the absorption and crushing
value of the RCA, and its water absorption rate becomes
slightly lower than that of NCA. Although treating RCA
with cement slurry and calcium hydroxide is unlikely
to have a significant effect on the water absorption and
crushing index, the adhesion level is enhanced from level 4
to level 5 after three different surface treatment processes.
(2) The OAC increases with an increase in RCA content. When
the RCA replacement is 100%, the OAC increases 45%.
After treated with calcium hydroxide solution or cement
slurry, the OAC of the mixture changes slightly. However,
the OAC of the mixture treated with silicone resin is
significantly reduced by 16.2% compared with RCA100.
The addition of fibers slightly increases the OAC.
(3) With an increase in RCA content, the residual stability of
the mixtures decreases. When the RCA content is 100%,
the residual stability of PAM decreases by 11.2% compared
with PAM with NAC. RCA treatment by the calcium
hydroxide solution greatly enhances the strength of PAM
to a larger degree than that of NCA; however, its effect on
the water stability of the mixture is not obvious.
(4) RCA treatment by silicone resin greatly improves the water
stability of PAM to a degree very close to that of PAM
with NCA; however, its influence on the strength of the
mixture is not obvious. RCA treated by the cement slurry
improves both the strength and water stability of PAM;
however, the improvement is not as effective as that after
silicone resin treatment. With an increase in RCA content,
the permeability coefficient of PAM first decreases and then
increases. The permeability coefficients of PAM with RCA
meet the technical specifications.
(5) The ANOVA results indicate that the RCA, CSRCA,
CHRCA, and SRRCA dosage and fiber proportion have
significant effects on the OAC and the residual stability
of PAM at the 95% confidence level (p < 0.05). The RCA
dosage and fiber proportion had a stronger effect than
the CSRCA, CHRCA, and SRRCA dosage on the plastic
deformation of PAM flow value. The RCA dosage does not
significantly affect the permeability of PAM.
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